Inflammatory diseases are often multiorganic diseases with manifestations not related directly to the primary affected organ. They are often complicated by a generalized bone loss that subsequently leads to osteoporosis and bone fractures. The exact mechanism for the accompanying bone loss is not understood in full detail, but factors such as glucocorticoid treatment, immobilization, malnutrition, and insufficient intake of vitamin D play a role. However, it has become evident that the inflammatory process itself is involved and the resulting bone loss is termed immune-mediated bone loss. It stems from an increase in bone resorption and the pro-inflammatory cytokines tumor necrosis factor alpha and interleukin 1 beta and has been shown to not only mediate the inflammatory response but also to strongly stimulate bone degradation. The purinergic P2X7 receptor is central in the processing of these two cytokines and in the initiation of the inflammatory response, and it is a key molecule in the regulation of both bone formation and bone resorption. The aim of this review is therefore to provide evidence-based novel hypotheses of the role of ATPmediated purinergic signalling via the P2X7 receptor in immune-mediated bone loss and -osteoporosis.
Bone Loss in Chronic Inflammatory Diseases
Inflammatory diseases are frequent in the western world. It is estimated that the prevalence of autoimmune diseases is 3% and that the life time risk of a rheumatic autoimmune inflammatory disease is about 5% for males and 8.3% for females [1] . Inflammatory diseases are often multiorganic diseases with manifestations not related directly to the primary affected organ, including a generalized bone loss leading to osteoporosis. Osteoporosis is characterized by low bone mass with microarchitectural changes in bone, which leads to an increased susceptibility to fractures. Hip fractures lead to significant morbidity, such as severe pain, disabilities, decreased mobility, impaired respiratory function, and increased mortality. Systemic osteopenia is frequently observed [2, 3] . The number of patients with accompanying bone loss depends on the inflammatory disease. In patients with recently diagnosed rheumatoid arthritis more than 10% are osteoporotic, while approximately 25% are osteopenic [4] [5] [6] . In patients with inflammatory bowel disease (IBD), the risk of secondary bone loss is reported as high, that is, 51-77% suffering osteopenia and 17-28% suffering from osteoporosis [7] . In IBD, the fracture risk may be increased by about 40% [8] . Also in patients with chronic obstructive pulmonary disease (COPD), 68% either had osteopenia or were suffering from osteoporosis [9] . The clinical pathogenesis of bone loss in chronic inflammatory diseases is multifactorial, where especially the use of glucocorticoids for the treatment of the inflammatory states has been shown to have deleterious effects on the skeleton [10] . However, also other factors such as malnutrition, low vitamin D levels, immobility or inactivity, and changes in the endocrine system might all partly be responsible. Finally, the inflammatory process itself is proposed as having an effect on the skeleton leading to alterations in bone metabolism and subsequent bone loss. However, to what extent the disease itself might cause bone loss is disputable.
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The pathophysiological mechanisms of inflammationinduced bone loss are complex and are thought to be mediated through effects on both bone resorption and bone formation [10] , as the effects are the increased osteoclastic bone resorption and inhibition of osteoblastic bone formation [6] . Some of our knowledge on the signalling pathways involved in the changes in bone remodelling arises from the first model of generalized osteoporosis resulting from chronic inflammation developed by K. J. Armour and K. E. Armour [11] . At the molecular level, especially increased levels of receptor activator of nuclear factor kappa ligand (RANKL), interleukin 1 (IL-1), interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-), and prostaglandin E2 (PGE-2) are responsible for the induction of bone loss [11] . Furthermore, INOS seem to be involved as studies an iNOS knockout mice were shown to have higher trabecular bone volume and a lower rate of osteoblast apoptosis [12, 13] . TNF-and IL-1 are known as potent inflammatory signals and also as regulators of osteoclast formation and activity [14] [15] [16] . Increased levels of TNF-and IL-1 are seen after estrogen withdrawal in relation to menopause in women and might, at least partially, be responsible for the rapid perimenopausal bone loss. In contrast, TNF-inhibitors have been shown to reduce both joint destruction in rheumatoid arthritis and the associated bone loss [17] .
In the middle of the above mentioned signalling pathways stands the purinergic P2X7 receptor, which has also been demonstrated to play a pivotal role in the regulation of both bone formation and bone resorption. The P2X7 receptor could therefore prove to be a key mediator of inflammatoryinduced bone loss. Thus, the aim of this review is to review the current state of evidence for the role of the P2X7 receptor in inflammatory-induced bone loss and to discuss the P2X7 receptor as a possible pharmacological target for inhibiting bone loss or even in the treatment of osteoporosis in patients with chronic inflammatory diseases.
P2X7 Receptors and ATP-Mediated Purinergic Signaling in the Immune System during Inflammation
ATP is a widely used extracellular signalling molecule. It is believed that small transient increases serve as basic physiological signalling and higher levels are associated with cell death and serve as a key danger signal [18, 19] . ATP is present in high amounts in intracellular stores, but under normal physiological conditions only in very low extracellular levels. ATP is quickly degraded enzymatically after release, and as it is the natural ligand of most P2 purinergic receptors, ATP and its breakdown products activate a wide range of P2 receptors. Low levels of ATP lead to suppressed inflammation and immune deviation [20] , while high levels of ATP are associated with tissue stress and damage, as ATP is released by high cell turnover and necrosis by almost all tissues. High levels of extracellular ATP are present at sites with infection, inflammation, and conditions with high cell turnover as seen in cancer [21] , and in bone tissue high ATP levels may occur after tissue and cell injury such as microcracks and even after fractures. Using a luciferase-expressing transgenic mouse, it has been shown that high levels of extracellular ATP are released during inflammation and after intraperitoneal injection of cancer cells [22, 23] . As high extracellular ATP concentrations are required for the activation of the P2X7 receptor in both bone and the immune system and as high ATP levels are predominantly released during inflammatory conditions and other conditions of tissue injury, it is highly likely that the effects of the released ATP during these conditions are mediated through the P2X7 receptor. P2X7 receptors are highly expressed in cells of the immune system (Table 1 ) with the highest expression seen in macrophages followed by dendritic cells, monocytes, natural killer cells, B-lymphocytes, T-lymphocytes, and erythrocytes in descending order [63] [64] [65] . The P2X7 receptor is part of the multiprotein complex called the inflammasome [66] , which is central in the events during initiation of the inflammatory response in the innate immune system [34] , and especially in the initiation phase macrophages, monocytes and dendritic cells are predominantly involved in the innate immune response. Here, P2X7 receptor activation induces activation of the NALP3 inflammasome leading to conversion of procaspase-1 to caspase-1 [67, 68] . Caspase-1 is involved in processing and release of IL-1 and IL-18 with subsequent systemic effects in the immune system and possibly also in bone. Also, caspase-1 activation can lead to apoptosis of the activated cell. Release mechanisms are not fully known [69] , but opening of Pannexin-1 channels has been proposed as being implicated in IL-1 release [70] . P2X7 is also involved in the release of other cytokines, including TNF- [34, 71] , and lower levels of TNF-release are linked to polymorphisms of P2X7 alleles with reduced pore formation [72] .
P2X7 Receptors in Regulation of Bone Metabolism
Bone is a highly specialized tissue with a high metabolic activity. It consists of organic collagen matrix with mineral deposits in the form of hydroxyapatite and three distinct cells types; the osteoblasts are the bone forming cells and the osteoclasts are the bone degrading cells. Both the osteoblasts and the osteoclasts primarily reside on the bone surface, while the third cell type, the osteocyte, is embedded inside the mineralized bone matrix, where they act as mechanosensors of the bone, sensing and transducing mechanical signals into biological signals of bone turnover. Bone remodelling is highly organized taking place at millions of sites being regulated by systemic and local factors, autocrine/paracrine signals, and mechanical stimuli [73] . Bone cells release nucleotides into the extracellular environment to provide highly localized and transient signals that regulate bone formation and bone resorption [48] . Thus, ATP acts as an important, local signalling mechanism, but due to rapid extracellular degradation by enzymes, the range of signal is presumably limited. It mediates direct cell-to-cell communication [74] [75] [76] [77] [78] [79] . The sources of nucleotides/ATP in bone are multiple; osteoblasts [52] and osteocytes [80] release ATP in response to mechanical stimulation. Nucleotides can be
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? Ca released by cells in the bone marrow (immune cells and hematopoietic cells), and theoretically, ATP may also be released from osteocytes as a result of cell damage after microcracks in the bone tissue. Thus, ATP might very well be one of the most important extracellular regulatory molecules in the skeleton [81, 82] .
Among all the P2 receptors, the P2X7 receptor is the most widely studied in relation to bone ( Table 2 ). The most important functions of the P2X7 receptor in bone are shown in Figure 1 . Its expression in osteoblasts is a differentiationdependent expression and the receptor is mainly expressed in mature bone forming osteoblasts [48] . High concentrations of ATP are needed to activate the P2X7 receptor and it has been controversial whether the receptor has any physiological functions in osteoblasts. In vitro concentrations of ATP above 1 mM partly inhibit bone formation especially mineralization [83] . This is a high concentration of ATP, and it may only occur in vivo as a result of cell damage including microcracks 4 The Scientific World Journal [61, 62] in the bone tissue. Consequently, the effects are thought to be caused mainly by P2X7 and, like in the immune system, activation of P2X7 receptors by ATP in the skeleton may be a danger signal of tissue or cell injury. In contrast, constitutive ATP release in osteoblasts has been shown to be at low levels, 0.5-1 nmol/mL under normal conditions [84] . The breakdown of ATP by ectonucleotidases results in high levels of PPi, which is also know to inhibit bone mineralization. PPi could account for some of the observed effects of ATP on bone cells. P2X7 receptor activation in osteoblasts results in a number of cellular events including activation of apoptosis [85] , fluid shear stress-induced ERK1/2 activation [86] and nuclear factor kappaB (NF B) translocation [84] , membrane blebbing [87] , and induction of receptor activator of nuclear factor kappa-B ligand (RANKL) [54] , which is important in stimulating fusion of mononuclear osteoclast precursors and activating osteoclastic bone resorption. However, the full functional role of P2X7 receptors in osteoblasts is not yet fully elucidated. Also osteocytes express P2X7 receptors [88] , but the function is virtually unknown. However, it has been shown that P2X7 receptors are important for a normal anabolic response to physical stimulation of the skeleton [89] , so it could be speculated that P2X7 receptors are involved in the mechanotransductory cascade in osteocytes as osteocytes release large amounts of ATP upon mechanical stimulation [80, 90] . Osteoclasts are derived from the same monocytic precursors as the macrophages, and have many similarities with these. The osteoclast is also the bone cell where P2X7 receptor expression has been investigated most extensively. P2X7 receptors are expressed at all stages of differentiation with the highest expression on the mature osteoclast, where expression is four to five times higher than in earlier stages of the osteoclast [91] , but relatively high levels are found on all cells in the osteoclasts lineage. The P2X7 receptor activation couples to a number of intracellular signalling pathways in osteoclasts including NF B, which is a transcription factor essential for osteoclast development [92] and osteoblast function [93] . It is also involved in cell proliferation, apoptosis, and inflammation [73, 94, 95] . P2X7 receptors also activate nuclear factor of activated T-cells (NFAT) [96] which is also coupled to cell proliferation and growth. Also other pathways are activated through the P2X7 receptor such as phosphoinositide 3-kinase (PI3 K/AKT/mTOR) [43] and rho-associated protein kinase (ROCK), suggesting a role for the receptor in regulation of osteoclast apoptosis and cell motility. In line with the signalling pathways activated, the receptor is involved in formation of multinucleated osteoclasts [61] partially through control of the fusion of osteoclast precursor cell membranes osteoclasts and blockade of this receptor inhibits resorption [82] . However, using mouse P2X7 knockout models, it has been shown that, though P2X7 receptors are involved in formation of multinucleated osteoclasts, they are not crucial for the fusion of osteoclast precursors as osteoclasts still form in the knockout animals [97] . In addition to the effects on osteoclasts proliferation and growth, P2X7 receptor activation has effects on bone resorption through secretion of bone degrading enzymes such as matrix metalloproteases [98] and cathepsin [99] .
One of the possible links between the immune system and regulation of bone metabolism came from the P2X7 receptor knockout models where macrophages from the P2X7 receptor null mice showed reduced interleukin 1 (IL-1) production [100] . Moreover, in an arthritis model, based on injecting anticollagen antibodies into the animals, an attenuated inflammatory response was found in the P2X7 receptor null animals compared to their wild type littermates [39, 100] . Unfortunately, the findings from the in vivo studies of the P2X7 knockout models on effects in bone are somewhat conflicting, primarily caused by the fact that neither of the two available knockout models are true knockouts as some splice variants of the P2X7 receptor are still expressed in some tissues [101] [102] [103] [104] . In the study by Ke et al. (using the "Pfizer" knockout), the P2X7 null animals displayed a bone phenotype comparable to misuse [97] . Moreover, reduced sensitivity to mechanotransduction was found [89] .
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In contrast, in another P2X7 knockout model (using the "GSK" knockout), Gartland and colleagues did not find any obvious skeletal phenotype [85] . Later, Nicke et al. demonstrated that after backcrossing the "GSK" knockout into the BALB/cJ background as the original C6 background already carried a naturally occurring P451L mutation in the P2X7 receptor [102] , P2X7 null animals had higher bone mass than their wildtype littermates [105] [106] [107] . Though in vivo studies of P2X7 receptor function are conflicting, they demonstrate that the P2X7 receptor is important in bone metabolism, and its exact role cannot be depicted precisely from these studies.
In support of the role of the P2X7 receptor in regulating bone turnover in humans and in the pathogenesis of osteoporosis, recent studies have demonstrated that a number of P2X7 receptor single nucleotide polymorphisms are associated with bone loss and vertebral fracture in postmenopausal women [108] [109] [110] [111] [112] . Generally, loss of function of the receptor seems to be associated with increased fracture risk and high rate of bone loss after menopause, while gain of function is associated with reduced fracture risk and low rate of bone loss.
P2X7 Receptors as the Link between the Immune System and Bone in Chronic Inflammatory Diseases
As evidenced above, it is obvious that the P2X7 receptor is central to both the innate inflammatory response and to the regulation of bone turnover, and there seems to be effects that are differentiated depending on low levels of ATP and high levels of ATP. A number of the P2X7-coupled pathways are important in both the immune response and in the control of bone resorption, as bone resorption is increased significantly in inflammatory-induced bone loss. During the inflammatory process the large amounts of ATP are released; ATP is a natural ligand for most P2 receptors and an inflammation-induced ATP release would therefore activate a range of P2 receptors, including the P2X7 receptor which requires high concentrations of ATP to be activated. As ATP is rapidly degraded extracellularly, systemically increased levels of ATP are unlikely. Skeletal effects of ATP-mediated purinergic signalling through P2X7 receptors may therefore occur via three mechanisms. The first is the general skeletal bone loss, which might be induced through local activation of P2X7 receptors on immune cells inducing IL-1 and TNFproduction, processing and release to the circulation where it induces a generalized increase in bone resorption through activation of osteoclasts in all parts of the skeleton (Figure 2) . Secondly, ATP release as part of the inflammatory process could activate bone cells locally as the immune system and bone are in close contact both in the bone marrow and in affected joints. Here, activation of P2X7 receptors in bone cells could activate osteoclasts both through a direct activation of osteoclasts precursors to form mature multinucleated bone-resorbing osteoclasts and through an indirect activation via stimulation of osteoblastic P2X7 receptors and upregulation of RANKL on osteoblasts, thereby inducing osteoclasts formation and activity ( Figure 2 ). Finally, due to reduced mobility of patients due to their primary inflammatory diseases, a reduced activation of P2X7 receptors in osteoblasts, usually mediating mechanotransduction and anabolic effects, results in reduced bone formation, which further aggravates the effects of the disease on the skeleton. The question then arises whether P2X7 receptor polymorphisms affect the risk of inflammatory-induced bone loss. One study has examined the association between P2X7 receptor polymorphisms and the risk of rheumatoid arthritis or systemic lupus erythematosus; no association could be demonstrated [113] . However, no studies have so far examined the association between chronic inflammatory diseases and the risk or severity of bone loss, so this is purely speculative. However, if P2X7 receptors are involved in an inappropriate activation of the immune system in autoimmune diseases, loss-of-function polymorphisms might protect against these diseases and the associated bone loss. This is naturally in contrast to what has been shown in normal, healthy subjects as described above, but in states of chronic inflammation there is a pathological activation of the immune system, an extraordinary high release of ATP, and thereby a pathological activation of bone turnover. In this case, a reduction in P2X7 receptor function might very well protect against the increased bone resorption seen in chronic inflammatory diseases. However, this still needs to be elucidated.
P2X7 Receptors as Targets for Pharmacological Treatment of Inflammatory Diseases
The P2X7 receptor has been suggested as a promising therapeutic target in relation to inflammatory diseases [114] [115] [116] Recently, a number of clinical trials using a P2X7 receptor inhibitor have been reported [117] [118] [119] [120] . These studies have generally shown disappointing results in terms of overall disease control; results from AstraZeneca on the P2X7 antagonist AZD9056 in Phase IIa were promising for treatment of rheumatoid arthritis, but in the six month phase IIb study, no clinically meaningful effect of the compound in the treatment of rheumatoid arthritis could be demonstrated [121] . Another P2X7 receptor inhibitor developed by Pfizer, Ce-224,535, was tested in a 12-week phase II trial in patients with rheumatoid arthritis insufficiently controlled by methotrexate. The results from this study were equally disappointing in terms of controlling the overall disease activity and were also disappointing [122] indicating that P2X7 receptor inhibition is not the way to go on in terms of disease control in rheumatoid arthritis. This could be due to the complex nature of the pathogenesis of the diseases and the complex nature of the inflammation. However, in the preclinical rat studies with AZD9056 encouraging results on the bone component of the disease could be demonstrated [123] Effects on radiographic progression and especially on erosions could be demonstrated; radiology and histology showed a dose-dependent reduction in bone lesion scores and bone resorption, synovial inflammation and pannus formation, and finally a reduced figure) , expression of receptor activator of nuclear factor ligand (RANKL) on inflammatory cells is increased and upon binding to receptor activator of nuclear factor (RANK) on mononuclear osteoclast precursors stimulating formation of multinucleated osteoclasts and activation of osteoclastic bone resorption.
incidence of osteoclastic giant cells [123] . In conclusion, P2X7 antagonists do not seem to affect the overall acute phase part of rheumatoid arthritis. However, the findings on the bone compartment in both the animal preclinical and the clinical phase II study are nevertheless encouraging, and P2X7 receptor inhibition could very well turn out to have important effects of inhibiting bone resorption associated with chronic inflammatory diseases and thereby reducing the skeletal unwanted effects of these debilitating diseases. However, longer-term studies designed to document these effects are warranted.
Summary
In summary, the P2X7 receptor is a key molecule in the activation of the innate immune response. It is also central in the regulation of bone turnover, and ATP-mediated purinergic signalling might very well be the key to understand inflammatory-induced bone loss. Though P2X7 receptor inhibition has failed to control the short-term clinical symptoms of rheumatoid arthritis, preliminary results from preclinical and clinical testing indicate that it may prove to be powerful in reducing the unwanted skeletal effects of acute inflammatory states. However, more studies are warranted to demonstrate the clinical utility of the P2X7 receptor inhibitor in these indications.
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